THE COST of detecting asymptomatic colonic cancer with a six-sequential-stool-guaiac protocol was studied by Neuhauser and Lewicki [ 11. They found that the marginal cost of the sixth test may be 20,000 times the average cost. In their calculations they estimated the sensitivity and specificity of an individual guaiac test and the prevalence rate for colonic cancer from a fairly small study by Greegor [2], but their findings would have been the same for any parameter specifications of the same order of magnitude. However, their conclusions are sensitive to the definition of a screen positive. They defined a person as screen positive if at least one of a sequence of guaiac tests were positive. Since the prevalence rate was assumed to be low (0.0072) and the sensitivity of the guaiac test to colonic cancer was assumed to be high, a sequence of, say, six guaiac tests with a single positive result was more apt to happen because of a test error than because of the presence of colonic cancer. Thus the probability that a positive screen was false was high, as was the average cost of detection of cancer cases.
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In this study a variety of definitions of a positive screen are investigated for a sequence of tests. Protocols for both fixed length and variable length sequences are considered. It is found that additional tests can be used effectively to reduce the average cost of detection per case and to markedly decrease the probability of a false positive screen even when the prevalence of disease is low.
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ANALYSIS
Consider a sequence of independent guaiac tests with results X ,, X,, . . . , X, where X, = I if the ith test is positive and Xi = 0 if the ith test is negative, i = 1,. . , n. Let 0 denote the true state of disease with 8 = 1 if the colonic cancer is present and 8 = 0 otherwise. Assume that P(X, = 110 = I ) = a. This is the sensitivity of an individual guaiac test, and has been assumed to be the same for each test and for all diseased individuals. Assume that P (Xi = 110 = 0) = /I. The specificity of an individual guaiac test is then 1-p. Assume that f'(f) = I ) = A where 1 is the prevalence of colonic cancer. Thus far this is the same model as that considered by Neuhauser and Lewicki.
Let Y = 1 denote a positive screen based upon the entire sequence of II tests and let Y= 0 denote a negative screen. Let ?I denote the number of Xi's which equal 1. Neuhauser and Lewicki took Y to be 1 whenever .Y 3 1. We shall first consider sequences of fixed length tt where Y = I when x 2 k and Y = 0 for x < k, for k = 2,3,. . ., tt as well as 1 and for tr = I, . . ., 6. Sensitivity, specificity and predictive positive and negative probabilities have been calculated. So have marginal and average costs. The costs and number of cases detected are based on probabilities and are therefore expected values. Formulas for the calculation of these probabilities and costs are given in the Appendix. The definitions of marginal and expected costs are the same as those used by Neuhauser and Lewicki. Their cost figures have been used in calculations, namely, overhead expense of $3 for a sequence of guaiac tests, $1 additional for each guaiac test, and $100 for follow-up testing of each screen positive individual with the barium enema procedure. Tables 1,2 , and 3 give the sensitivity, specificity and average cost, respectively, of a sequence defined by the various pairs of n and k values studied. The results in the first column of each table are for k = 1, the setting studied by Neuhauser and Lewicki. The sensitivity probabilities listed in column 1 of Table 1 are listed as true-positive percentages in their Table I ; one minus the specificity probabilities in column 1 of Table2arelistedasfalse-positivepercentagesin theirTable I.Theaveragecost figuresin column 1 of Table 3 differ from those listed in the last column of their Table 2 which are in error because of a mistake in the calculation of false-positive cases in the last column of their Table 1 . However, the average cost figures in column 1 of Table 3 more than double as n increases from 1 to 6 as did those calculated by Neuhauser and Lewicki and thus these corrected cost figures for k = 1 support their conclusions.
The results in Table 3 show that k should be taken to be greater than the value of 1 used in Neuhauser and Lewicki's calculations and particularly that values of n 2 3 should be considered. From Table 3 it can be seen that the average cost per case detected is lower for I1 pairs of n and k with k > 1 than for any entry with k = 1. For nine of those pairs, tl 2 3. Six pairs of n and k, all with n 2 3, led to average cost figures of the order of magnitude of $2,000, about l/3 the lowest average cost for k = 1. Moreover, the marginal cost of an additional test for fixed k, although not displayed in these Tables, actually decreases as tt goes from 5 to 6 for k = 5. and is never more than $6,643 for k 2 3, which is similar to the cost per case detected of a single test (n = I, k= 1). Tables 1 and 2 also support the choice of larger values of n and k. From Table 2 it can be seen that the specificity of a sequence of tests is over 0.85 for eight pairs of tt and k values, including all entries with n 3 k 2 4. The highest specificity probability for A. = 1 isO.
when t? = 1. All of the sensitivity probabilities are 2 0.99 for n 3 2 when k = 1, but this is also true for k = 2 when n 2 4, k = 3 when tt 2 5 and k = 4 when n = 6. Sensitivities over 0.94 were also obtained for three other pairs of n and k values, including k = 4 when II = 5. The actual choice of a pair of n and k values involves a trade-off between the criterion variables tabulated in Tables 1,2 , and 3. The lowest average cost per case detected in Table 3 occurs for n = 4, k = 4, but from Table 1 the sensitivity for this n, k pair is only 0.706, which means that the probability of missing a case with this type of sequence would be 0.294. The other five pairs of n and k values with average costs per case detected of the order of magnitude of $2,000 also have sensitivities which are too low. Two of the three n, k pairs with average costs per case detected of the order of magnitude of $3,000 have sensitivities over 0.96 and specificities of about 0.86. One of these pairs, n = 6, k = 4, describes a sequence of tests with an average cost of $3,234 with a sensitivity of 0.990 and a specificity of 0.866. This represents a loss of sensitivity of slightly less than one percent with at least a 2-fold gain in specificity and well over a 2-fold decrease in average cost per case detected as compared to sequences with k = 1 and n > 2. Thus, for the model and parameter values studies by Neuhauser and Lewicki, the best choice of a sequence length < 6 is 6 where four or more of the sequence of tests should be required to be positive.for a patient to be declared screen positive.
One concern still remains about this choice of a sequence of tests as well as about the sequences with k = 1 studied by Neuhauser and Lewicki. For all of these tests, the predictive probability that a person who is found to be screen negative is actually negative, denoted by ((0 = OIY = 0), is 2 0.999 and is 0.9999 when n = 6 and k = 4. However, the predictive probability that a person who is found to be screen positive is actually positive, denoted by P(8 = 11 Y = I ), is never greater than 0.018 for k = 1 and is only 0.051 for n = 6 and k = 4. The next section describes a modification of the n = 6, k = 4 procedure which yields a much higher value of P(8 = 1IY = 1) but is still satisfactory with respect to the criteria described earlier.
A sequential procedure
One way to increase the predictive probability of a positive is to repeat the entire sequence of n guaiac tests whenever Y, = 1 for the first sequence. The subscript on Y indicates the sequence number and equals 1 or 2; Ywithout a subscript will still indicate an overall assessment of the screening protocol for an individual. We will take Y = 1 (positive) whenever both Y, and Y, = 1. When Y, = 1, but Y, = 0, Ywill be taken to be 0 (negative). When Y, = 0, no further testing will be done and Y will be taken to be 0 (negative).
The sensitivity of this sequential procedure is 7c:, where rti is the sensitivity of the corresponding single-sequence procedure described by Table 1 . Thus when n = 6, k = 4 for each sequence, the sensitivity of this sequential procedure is (0.990)2 = 0.98 1. The specificity can be shown to be [ 1 -(I-qJ2] which is 0.982 for n = 6, k = 4, where x0 is the specificity of the corresponding single-sequence procedure given in Table 2 . The average cost, again calculated as the total expected cost over the expected number of cases detected, is $1748 for this sequential procedure provided no additional overhead expense is incurred. (See the Appendix for all the calculation formulas for this procedure.) Thus this sequential procedure has considerably higher specificity than the corresponding single-sequence procedure (0.982 versus 0.866) and about half as much cost per case detected ($1748 versus $3234) at the expense of only 1% decrease in sensitivity (0.980 versus 0.990). The predictive probability of a negative screen is the same (0.9999) to four decimal places for both procedures. However, the predictive probability of a positive screen is higher by more than a factor of 5 for the sequential procedures (0.282 versus 0.05 1). Thus the sequential procedure would be preferred.
Extensions to n > 6
In the calculations thus far attention has been focused on single sequences with n < 6, the maximum considered by Neuhauser and Lewicki. It would, of course, not be practical to require many more stool specimens than this in the absence of symptoms or without a positive indication from the first sequence of tests. However, the fact that n = 6 for the best single sequence studied thus far makes slightly longer sequences of interest. Results for n = 7 and 8 for both single-sequence and sequential procedures are given in Table 4 for k values which ensure sensitivity over 0.99, specificity as high as possible and low average cost per case detected. Results for n = 6, k = 4 are repeated in Table 4 for comparison. Note that on each of the criteria except average cost slight improvement is achieved in going from n = 6 to n = 8, but the overall impression is that both for single-sequence and sequential plans, the n = 6, k = 4 and n = 8, k = 5 screens have similar characteristics. However, the preferred screen among those listed in Table 4 would be the sequential plan with n = 8 and k = 5 because its sensitivity is slightly higher than the sequential screen with n = 6 and k = 4.
Extensions to other parameter combinations
Thus far the numerical results in this paper have been for individual tests characterized by a = 0.916667 and B = 0.365079 and for prevalence rate 1= 0.0072, the parameter values used in Neuhauser and Lewicki's study. Other values of these parameters are of interest both with respect to the robustness of the results to changes in the parameter specifications for guaiac tests for colonic cancer and with respect to possible extensions of the results to different screening tests or higher risk populations. Table 5 presents values of the same variables as those contained in Table 4 for selected n and k pairs for alternative combinations of a, p, and 1. All results in Table 5 are for single-sequence procedures with n < 7. In every instance, n and k were picked to give a sensitivity 2 0.99 with relatively low average cost per case detected and specificities and predictive probabilities as high as possible. More than one pair of n and k values are given for some combinations of a, /3, and I when these pairs describe sequences with similar characteristics. Only one pair is presented when it is clearly the best choice. Note that a pair of n and k values with n = 7 has been chosen for every combination of CL, /I, and 1. Also note that the choice of k varies with the parameter combination. For a = 0.90 with n = 7, k = 4 in every instance in Table 5 ; for a = 0.95 with n = 7, k = 4 for B = 0.10 but k = 5 for j3 = 0.20 and 0.30.
DISCUSSION
It has been shown that for the screening model for repeated guaiac tests for colonic cancer studied by Neuhauser and Lewicki that large values of n such as 6,7, and 8 give the most informative screens when the values of k, the number of positives required for a sequence to be positive, are chosen appropriately. In each instance, the best choice is k > n/2 > 1. Moreover, if the entire sequence is repeated when the first sequence is positive with retention of this initial positive designation only when the second sequence is also positive, then an ever better screen protocol is obtained, particularly with respect to the predictive probability of a positive screen.
The results have been found to hold for a variety of combinations of test and prevalence parameters, thus strengthening the conclusion that longer sequences of inexpensive tests are better screens than shorter sequences when the information obtained is used effectively.
